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Abstract Chickpea genetic mapping has been ham-

pered by insufficient amplicon length polymorphism

for sequence based markers. To develop an alternative

source of polymorphic markers, we determined nat-

urally abundant single nucleotide polymorphism

(SNP) in coding and genomic regions between FLIP

84-92C (C. arietinum) and PI 599072 (C. reticulatum)

and identified an inexpensive method to detect SNP

for mapping. In coding sequences, 110 single base

changes or substitutions (47% transitions and 53%

transversions) and 18 indels were found; while 50

single base changes (68% transitions and 33% trans-

versions) and eight indels were observed in genomic

sequences. SNP frequency in coding and genomic

regions was 1 in 66 bp and 1 in 71 bp, respectively. In

order to effectively use this high frequency of

polymorphism, we used Cleaved Amplified Polymor-

phic Site (CAPS) and derived CAPS (dCAPS) marker

systems to identify a restriction site at SNP loci. In this

study, we developed six CAPS and dCAPS markers

and fine mapped QTL1, a region previously identified

as important for ascochyta blight resistance. One of

the CAPS markers from a BAC end was identified

to account for 56% of the variation for ascochyta

blight resistance in chickpea. Conversion of naturally

abundant SNPs to CAPS and dCAPS for chickpea

mapping, where absence of amplicon length poly-

morphism is a constraint, has potential to generate

high-density maps necessary for map-based cloning

and integration of physical and genetic maps.

Keywords Ascochyta blight � Indels �
Single nucleotide polymorphism � Transition �
Transversion

Introduction

Chickpea is the third most important pulse crop

worldwide. World production is 8.6 million metric

tons annually from 11.2 million hectares (FAOSTAT

data 2005). The genome size of chickpea is estimated

to be 740 Mb (Arumuganathan and Earle 1991)

which is 1.5 times that of Medicago truncatula, a

model legume. There are six published linkage maps

that were generated using morphological and various

molecular markers such as isozymes, Amplified

Fragment Length Polymorphism (AFLP), Random

Amplified Polymorphic DNA (RAPD), Inter Simple

Sequence Repeat (ISSR), Resistant Gene Analog

(RGA) and Sequence Tagged Microsatellite Site
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(STMS) markers (Winter et al. 2000; Santra et al.

2000; Cho et al. 2002, 2004; Flandez-Galvez et al.

2003; Collard et al. 2003). In these linkage maps,

many agronomically important traits do not have

tightly linked markers for use in marker assisted

selection or map based cloning. There were large

gaps in all linkage maps due to an insufficient number

of markers needed to fill the gaps. In order to generate

a linkage map without large gaps, additional markers

need to be developed and mapped. STMS markers

(Hüttel et al. 1999; Winter et al. 1999) were 78%

polymorphic in the FLIP 84-92C 9 PI599072 cross

and were used to increase marker density of the

genetic map that improved our understanding of the

chickpea genome (Tekeoglu et al. 2002). However,

the number of STMS markers currently available is

limited at approximately 600 (Hüttel et al. 1999;

Lichtenzveig et al. 2005; Sethy et al. 2006). In

addition, the availability of sequence based markers

was also limited by the number of sequences

deposited in the public databases.

Chickpea genomic research has progressed rapidly

over the past 3–4 years as evidenced by the availability

of genomic tools such as BAC libraries (Rajesh et al.

2004; Lichtenzveig et al. 2005), cDNA libraries (Bu-

hariwalla et al. 2005; Coram and Pang 2005),

availability of BAC sequences (734,456 bp) (http://

www.genome.ou.edu/plants_totals.html), 48,339 BAC

end sequences and 1,960 Expressed sequence tags

(ESTs) in the public database http://www.ncbi.nlm.

nih.gov/entrez/query.fcgi?db=nucleotide&cmd=

search&term=chickpea) as of 23 October 2007. Since

there are many gene and locus specific sequence based

markers available currently, there is an urgent need for

an alternative source for polymorphism in order to map

these markers that will increase the marker density at

important genomic regions and also will facilitate

cloning of genes of interest in chickpea.

Single DNA base differences such as transitions

(change of a purine for a purine or a pyrimidine for a

pyrimidine) and transversions (change of a purine for

pyrimidine or a pyrimidine for a pyrimidine) between

homologous DNA fragments plus small insertions

and deletions (indels), collectively referred to as

single-nucleotide polymorphisms (SNPs) (Zhu et al.

2003). They are di, tri and tetra allelic in nature

although diallelic is common in humans (Kahl et al.

2004). SNPs have a wide variety of applications such

as association mapping, marker density increase,

QTL mapping, high throughput marker assisted

selection and evolutionary biology (Lopez et al.

2005). Depending on their location in the genome

and impact on expression of a gene, they are

classified into non-coding SNPs (ncSNPs), coding

SNPs, exonic SNPs, cDNA SNPs and candidate SNPs

(Kahl et al. 2004). SNPs in non-coding and coding

regions have been extensively studied only in few

plant species such as Arabidopsis (Jander et al.

2002), maize (Ching et al. 2002), and soybean (Zhu

et al. 2003). There have been no reports of SNP

discovery and detection to understand the chickpea

genome.

Ascochyta blight (caused by Ascochyta rabiei

(Pass). Lab.) is a devastating disease worldwide and

has the potential to cause up to 100% yield loss to

chickpea. Although earlier genetic studies identified

two QTL (QTL1 and QTL2) that confer resistance to

this disease, the markers flanking these QTLs were

dominant RAPD markers and were quite distant from

each other. For example, QTL1 in linkage group VIII

which reportedly accounted for 35% of the variation

in ascochyta blight resistance was flanked by

UBC733b and UBC181a at a genetic distance of

11 cM (Tekeoglu et al. 2002). In order to determine

the number of genes contributing to ascochyta blight

resistance at QTL1 and narrow the genetic distance

between the flanking markers, it is necessary to

increase the marker density at this genomic region.

We constructed a HindIII BAC library from FLIP84-

92C cultivar to generate new sequence based markers

and also for gene discovery (Rajesh et al. 2004).

In this study, our objectives were: i. SNP discovery

in coding sequences and genomic regions; ii. Deter-

mine a cost-effective SNP detection method; and iii.

To utilize SNPs for genetic mapping. Since ESTs for

chickpea are available in the database, SNP discovery

will assist in gene mapping and marker density

increase in linkage maps. To discover SNPs in

genomic sequences, we chose two genomic regions

that are agronomically important because genes for

ascochyta blight resistance and fusarium wilt resis-

tance were mapped to those regions (Tekeoglu et al.

2002; Sharma et al. 2004). There are many expensive

methods available for SNP discovery such as pyrose-

quencing (Alderborn et al. 2000; Ching and Rafalski

2002), mass spectrometry (Rodi et al. 2002) and

Affymetrix chips (Borevitz et al. 2003) and for SNP

detection such as primer extension, allele specific
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oligonucleotide hybridization and allele specific oli-

gonucleotide ligation (Kahl et al. 2004). However, a

combination of allele sequencing for SNP discovery

and generation of cleaved amplified polymorphic

sequence (CAPS) and derived CAPS (dCAPS)

markers at SNP loci for SNP detection is a relatively

inexpensive method. CAPS markers have been used

efficiently in Arabidopsis (Konieczny and Ausubel

1993), melon (Morales et al. 2004) and pea (Kono-

valov et al. 2005). Generation of genome wide CAPS

markers has been used successfully in developing a

linkage map for M. truncatula, a model legume (Choi

et al. 2004). Here, we chose QTL1 for ascochyta

blight resistance (Tekeoglu et al. 2002) as a target

genomic region to increase marker density by con-

verting SNP loci at BAC ends and a gene identified

from this region into CAPS and dCAPS markers.

Materials and methods

Plant materials

Chickpea accession FLIP84-92C and wild relative

PI599072 that are resistant and susceptible to Asco-

chyta rabiei (Pass). Lab., respectively, were used in

this study. The F2 population from this cross was

advanced by single seed descent to the F8 to produce

F7 derived RILs (Santra et al. 2000; Tekeoglu et al.

2002). A population of 142 F7:8 derived recombinant

inbred lines (RILs) from the FLIP 84-92C (resis-

tant) 9 C. reticulatum PI 599072 (susceptible) cross

was used for genetic mapping. DNA was extracted

from leaf tissue of each RIL and the parental lines

according to Doyle and Doyle (1987).

PCR conditions for amplification of ESTs and

genomic sequences

The primers for ESTs and BAC ends were designed

using http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_

www.cgi and synthesized by MWG Biotech, USA. PCR

amplification using these primers was performed in

10 mM Tris–HCl pH 8.3, 50 mM KCl, 0.1% Tri-

tonX100, 2.5 mM MgCl2, 0.2 lM dNTP, 50 pmole of

forward and reverse primers, 1 unit of Taq polymerase

(Promega, USA) and approximately 20–40 ng of

genomic DNA per 20 ll reaction. The amplification

was carried out using a Gene Amp PCR system 9700

(Perkin Elmer, USA). After initial denaturation at 94�C

for 2 min, 40 cycles of PCR were carried out. Each cycle

was comprised of 20 s denaturation at 94�C, 50 s

annealing at a different temperature depending on the

primers (Tables 1, 2) and 2 min extension at 72�C for

50 s followed by final extension at 72�C for 8 min. The

amplified products were separated on 2% agarose gel

and stained with ethidium bromide.

PCR product sequencing

EST primers (Table 1) used in this study were obtained

from http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?

CMD=search&DB=nucleotide.

Direct PCR sequencing was performed for all

ESTs. In this method, genomic DNA was amplified

using respective EST primers as described in ‘‘PCR

conditions for amplification of ESTs and genomic

sequences’’ section and 2 ll of the PCR product was

run on a 2% agarose gel to ensure that the product

was a single band. Each amplified product was then

treated with EXOSAP-IT enzyme (USB, Cleveland,

OH) following manufacturer’s instruction. Sequenc-

ing of the treated samples was performed on an ABI

Prism 377 DNA sequencer (Applied Biosystems,

USA) using the dideoxy sequencing method.

BAC end sequencing

BAC DNAs from FLIP84-92C BAC library (Rajesh

et al. 2004) were purified using the BAC96 Miniprep

kit (Millipore, USA). The primers for end sequencing

were designed from the flanking region of the HindIII

cloning site and synthesized by MWG Biotech, USA.

The sequences of the primers are: V41F-GCGATT

AAGTTGGGTAACGC; V41R-CACAGGAAACAG

CTATGACC. One and a half micrograms of clean

BAC DNA was used for direct PCR cycle sequencing

with extended (66) cycles on an ABI PRISM 377

automatic sequencer (Applied Biosystems, USA).

SNP discovery and CAPS and dCAPS marker

development

Markers were developed from the ends of the BACs

that had been identified by super-pool method

described in Rajesh et al. (2004) and hybridization

of chickpea BAC library using OPS06-1 and

SCAR733b, respectively. SNPs were discovered by
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aligning sequences from parental DNAs using Vector

NTI Advance 9.0 software (www.informaxinc.com).

The output files of sequences were analyzed by ABI

sequencing analysis 5.2 program and quality values

were assigned by KB base calling procedure. The

base quality value (QV) was visualized using ABI

sequence scanner v1.0. Each SNP was confirmed by

checking chromatogram visually also. We developed

six CAPS and dCAPS (Table 2) from BAC ends and

a gene and mapped the markers to the QTL1 region

for ascochyta blight resistance. In CAPS analysis, the

sequences of both parental DNAs were restriction

mapped at SNP loci to identify a suitable restriction

enzyme (Fig. 1). The primers for dCAPS analysis

were designed using web based software package

http://helix.wustl.edu/dcaps/dcaps.html (Fig. 2) with

a single nucleotide mismatch adjacent to SNP posi-

tion creating restriction site in the amplified PCR

product of one parent but not the other (Neff et al.

1998). HpyCH4III, Taq1, AflIII, AciI are the various

restriction enzymes we used for mapping these

markers.

Linkage analysis

Segregation of marker loci was tested for goodness of

fit to the expected Mendelian ratio of 1:1 using v2

analysis (P \ 0.05). Markers with distorted distribu-

tion were also used for linkage analysis. Linkage

analysis was performed using Mapmaker/Exp 3.0

(Lander et al. 1987). Linkage groups were estab-

lished at a constant LOD score of 4.0 and a

recombination value of 0.25 by two point analyses

using the ‘group’ command. These new markers were

run along with the other previously scored marker

data (Tekeoglu et al. 2002). The most likely order of

loci within a group was determined using multipoint

‘compare’ command and these orders were verified

using the ‘ripple’ command. The Kosambi mapping

function was used to determine cM distances between

markers (Kosambi 1944) (Fig. 3). Double crossovers

were checked by ‘double crossover’ command in

Map Manager QTb (version 2.8) (Manly 1998). QTL

analysis for blight resistance was carried out with

the simple interval mapping function using Qgene

(Nelson 1997) at an LOD score of 3.0. Single-point

regression analysis was used to identify markers

significantly associated with blight resistance.

Results

SNP discovery

A total of 8,726 bp (4,621 from coding regions and

4,105 from genomic sequences) from each parental

line, FLIP-84-92C and PI 599072, were analyzed for

SNP discovery. The number of base pairs was

calculated by adding the amplicon size that we

obtained after sequencing as described in Tables 1, 2.

To obtain sequences from the coding regions, we

designed primers for 10 representative ESTs

(Table 1) that are reported to play a role in defense

response. These primers amplified 4,621 bp alto-

gether that were used for SNP discovery in this study

(Table 1).

Aldolase and serine hydroxyl methyl transferase

(SHMT) were identified as ascochyta blight respon-

sive genes in our earlier study (Rajesh et al. 2003).

All of the primers designed from ESTs assessed

amplified coding regions only except transketolase

and SHMT. A total of 110 single base changes or

substitutions (47% transitions and 53% transversions)

and 18 indels were observed in expressed sequences

analyzed in this study. Interestingly, a very high

number of transition and transversion (33 and 30,

respectively) was discovered in glucan-endo-1, 3-

beta-glucosidase product when compared to other

ESTs used in this study. Among the ESTs, one indel

for every 257 bp, one nucleotide substitution for

42 bp and over all one SNP in 36 bp was observed.

Excluding glucan-endo-1, 3-beta-glucosidase, overall

one SNP in 66 bp was estimated to be present in the

sequences under study.

In asochyta blight and fusarium wilt disease

resistance genomic regions together, 50 single base

changes (68% transitions and 33% transversions) and

eight indels were observed. In the fusarium wilt

resistance genomic region represented by AY356156

and AY356154 in Table 2, one indel in 106 bp, one

nucleotide substitution in 38 bp and overall one SNP

in 28 bp were estimated to be present. On the

contrary, low level of SNP was detetcted at the

ascochyta blight resistance genomic region repre-

sented by AC161102, AC145766, AC145456,

AC161104 and AC161105 in Table 2 which corre-

sponds to indels of 1 in 1,192 bp, nucleotide

substitution of 1 in 99 bp and cumulatively we

estimated that there was an average of one SNP in

Euphytica (2008) 162:291–300 295

123

http://www.informaxinc.com
http://helix.wustl.edu/dcaps/dcaps.html


T
a

b
le

2
D

es
cr

ip
ti

o
n

o
f

g
en

o
m

ic
se

q
u

en
ce

s
an

d
su

m
m

ar
y

o
f

d
et

ec
te

d
S

N
P

s
b

et
w

ee
n

F
L

IP
8

4
-9

2
C

an
d

P
I5

9
9

0
7

2

N
C

B
I

n
am

e
G

en
e

n
am

e
O

li
g

o
s

T
y

p
ea

A
n

n
.

te
m

p
S

eq
u

en
ce

(5
0 –

3
0 )

A
m

p
li

co
n

si
ze

(b
p

)
In

d
el

T
ra

n
si

ti
o

n
T

ra
n

sv
er

si
o

n

A
Y

3
5

6
1

5
6

R
es

is
ta

n
ce

g
en

e
re

g
io

n
F

rg
r2

F
L

o
cu

s
sp

ec
ifi

c
5

9
ca

g
cc

ct
tt

ta
tg

cc
tg

at
cc

3
7

0
3

1
6

R
es

is
ta

n
ce

g
en

e
re

g
io

n
R

rg
r2

R
aa

g
cc

tt
g

g
tt

tc
tt

g
g

ac
ag

A
Y

3
5

6
1

5
4

R
es

is
ta

n
ce

g
en

e
re

g
io

n
F

rg
r4

F
L

o
cu

s
sp

ec
ifi

c
5

9
ac

tc
ac

ca
cc

at
g

tc
cc

tt
c

1
6

0
2

3
4

R
es

is
ta

n
ce

g
en

e
re

g
io

n
R

rg
r4

R
aa

aa
tt

ca
g

cc
at

at
g

tc
aa

ac
c

A
C

1
6

1
1

0
2

B
A

C
cl

o
n

e
L

F
-F

S
ca

r
5

5
cg

g
cg

tg
aa

ag
tg

tt
g

tt
ta

2
3

9
0

2
0

L
F

-R
tg

aa
tc

ca
tg

cg
ag

tc
ag

aa

A
C

1
6

1
1

0
2

B
A

C
cl

o
n

e
P

N
R

2
F

S
ca

r
5

9
ag

g
g

ag
ag

ta
g

at
ag

g
tc

aa
c

6
8

8
0

1
0

P
N

R
2

R
ag

g
g

ag
ca

aa
ta

at
aa

ta
cg

ta
tt

t

A
C

1
6

1
1

0
2

B
A

C
cl

o
n

e
L

R
-F

C
A

P
S

-H
p

yC
H

4
II

I
5

5
tc

tc
ac

ct
tc

aa
g

g
g

tt
tc

c
3

4
1

0
2

0

L
R

-R
tt

tc
ag

ca
aa

ag
cg

ac
at

tg

A
C

1
4

5
7

6
6

B
A

C
cl

o
n

e
M

F
-F

d
C

A
P

S
-T

a
q

1
5

9
aa

ct
tg

aa
g

at
at

tt
aa

ta
tg

g
ca

ct
c

5
5

3
0

2
0

M
F

-R
at

ac
cc

cc
ac

ag
ac

ca
ag

g

A
C

1
4

5
7

6
6

B
A

C
cl

o
n

e
S

R
-2

L
C

A
P

S
-H

p
yC

H
4

II
I

3
5

g
g

ag
ag

ca
tg

g
ag

ac
tc

aa
aa

a
4

1
4

0
9

1

S
R

-2
R

cg
g

ct
aa

ac
ct

ag
tc

g
tt

ca
aa

A
C

1
4

5
4

5
6

B
A

C
cl

o
n

e
1

5
0

F
-F

d
C

A
P

S
-A

ci
I

5
5

g
cc

tg
ca

g
g

aa
ta

g
at

ct
ac

ag
c

2
0

2
0

3
1

1
5

0
F

-R
ag

ca
cc

ta
at

g
g

ca
cc

ac
tc

c

A
C

1
4

5
4

5
6

B
A

C
cl

o
n

e
U

F
3

T
-F

d
C

A
P

S
-A

fl
II

I
5

5
tt

tg
aa

ag
g

ac
tt

ct
tc

ca
ca

tg
2

3
7

0
3

1

U
F

3
T

-R
aa

tg
g

cc
tg

ca
aa

tc
at

ag
g

A
C

1
4

5
4

5
6

B
A

C
cl

o
n

e
1

5
0

R
-F

C
A

P
S

-A
ci

I
5

5
g

ca
ct

g
ag

ct
tt

cc
tg

aa
cc

2
4

1
0

4
0

1
5

0
R

-R
tg

cg
at

ta
g

g
g

tt
g

ag
tt

g
aa

c

A
C

1
6

1
1

0
4

B
A

C
cl

o
n

e
C

P
-9

IK
1

F
-F

L
o

cu
s

sp
ec

ifi
c

5
9

aa
g

ag
g

ac
ag

g
ct

g
aa

g
ca

a
3

5
5

2
2

1

C
P

-9
IK

1
F

-R
cc

tt
ct

tt
cc

ca
tc

tc
ct

ac
a

A
C

1
6

1
1

0
5

B
A

C
cl

o
n

e
C

P
-9

IN
1

F
-F

L
o

cu
s

sp
ec

ifi
c

5
9

g
ca

ag
g

ca
tt

tt
ca

tt
ag

cc
3

0
5

1
2

2

C
P

-9
IN

1
F

-R
ac

cc
ca

ag
tc

ct
ta

g
g

tg
ct

T
o

ta
l:

4
,1

0
5

b
p

A
v

er
ag

e:
3

4
2

8
3

4
1

6

a
T

y
p

e:
L

o
cu

s
sp

ec
ifi

c
m

ar
k

er
s

(r
g

r2
,

rg
r4

,
C

P
-9

IK
1

,
C

P
-9

IN
1

)
w

er
e

n
o

t
u

se
d

fo
r

m
ap

p
in

g
;

C
A

P
S

an
d

d
C

A
P

S
m

ar
k

er
s

th
at

w
er

e
d

es
ig

n
ed

to
cr

ea
te

p
o

ly
m

o
rp

h
is

m
at

m
o

n
o

m
o

rp
h

ic
lo

ci
u

si
n

g
S

N
P

s
an

d
sc

ar
-s

eq
u

en
ce

ch
ar

ac
te

ri
ze

d
am

p
li

fi
ed

re
g

io
n

w
er

e
u

se
d

fo
r

g
en

et
ic

m
ap

p
in

g
in

th
is

st
u

d
y

296 Euphytica (2008) 162:291–300

123



every 92 bp. Including both disease resistance geno-

mic regions, it was calculated that these regions

harbor the following: indels—1 in 513 bp; nucleotide

substitution—1 in 82 bp and over all one SNP per

71 bp. Transition was estimated to be higher in

genomic region (68%) than the coding region (47%)

while transversion (53%) was more in coding region

when compared to genomic region (33%).

We calculated the nucleotide diversity (P) using

the following formula: Total number of SNPs/total

length of aligned sequences. Based on this formula,

we estimated the nucleotide diversity for ESTs as

0.028 and for genomic regions as 0.014.

Mapping SNPs

To enrich the marker density at QTL1 region, as a

first step, we converted UBC733b into a single locus

Sequence Characterized Amplified Region marker

(SCAR733b). We screened our BAC library with

OPS06-01 (Rakshit et al. 2003) and SCAR733b, two

20(T) l12 -Right

ubc402
Gaa47

ubc884b

P
20(T) l12 -Left
SCAR733b

4m10-Left
ops06-01
UF3T

15(O)o9-Right

ubc181a

QTL1

16.2

4.7
2.2
3.0
4.6
0.7
1.4
9.1

28.2

16.2

4.3

Fig. 3 The linkage group with an increased marker density at

QTL1 for Ascochyta blight resistance developed using 142 F7:8

RILs from the interspecific cross of the cultivated chickpea line

FLIP 84-92C (resistant) 9 C. reticulatum PI599072 (suscep-

tible). Our linkage group is same as the linkage group VIII of

Tekeoglu et al. (2002). Genetic distance in cM are to the left of

the linkage group

A)

Aldolase locus from FLIP84-92C; 168bp 

Aldolase locus from PI599072; 168bp 

cRILs
B)

M                                         X                                A  B  C  D 

350bp

Fig. 1 CAPS analysis using Aldolase specific primers between

FLIP 84-92C and PI599072. (a) Sequence schematic; A naturally

present SNP at 37th base pair in PI599072 created AflIII restriction

site which created polymorphism between parental lines. (b) The

amplified products were digested with AflIII and ran on 2%

agarose gel. A—AflIII digested FLIP 84-92C, B—AflIII digested

PI599072, C—Undigested FLIP84-92C, X—Codominant allele,

D—Undigested PI599072, M—Lambda Bst-N1 marker, cRILs—

Chickpea recombinant inbred lines

cRILs

M                        X                              X            A  B  C  D 

350bp

Fig. 2 dCAPS analysis (UF3T) using BAC end primers

between FLIP 84-92C and PI599072. dCAPS primer for

UF3T (TTTGAAAGGACTTCTTCCACATG) was designed

by incorporating a nucleotide (C) adjacent to SNP that created

AflIII enzyme site (ACRYGT) in PI599072 (TTTGAAAG-

GACTTCTTCCACATGTGTTT) but not in FLIP84-92C

(TTTGAAAGGACTTCTTCCAAATGGGTTT). The ampli-

fied products were then digested with AflIII enzyme and ran

on 2% agarose gel. A—AflIII digested FLIP 84-92C, B—AflIII

digested PI599072, C—Undigested FLIP84-92C, X—Codom-

inant allele, D—Undigested PI599072, M—Lambda Bst-N1

marker, cRILs—chickpea recombinant inbred lines
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markers that are in the flanking regions of QTL1. We

generated markers from the ends of identified BAC

clones and a gene present in one of the BACs. Since

these PCR based markers are monomorphic in

amplicon length between the parental lines

(FLIP84-92C and PI599072), we identified Cleaved

amplified polymorphic site (CAPS) and derived

CAPS (dCAPS) marker systems as a suitable method

by utilizing the SNPs to increase marker density at

QTL1 (Fig. 3).

For CAPS, the sequences from different parental

lines were aligned and restriction sites present at SNP

loci were identified. SNPs that conferred differential

restriction enzyme sites between the parents were

used for further analysis (Fig. 1).

At some SNP loci, a suitable enzyme was not

identified that would cleave the amplification prod-

uct. In such cases, the dCAPS technique was used by

designing primers with a single nucleotide mismatch

adjacent to the SNP position and creating restriction

site in the amplified PCR product of one parent but

not the other (Fig. 2).

Discussion

SNP analysis

Introns, 50 and 30 untranslated regions and BAC ends

are suggested to possess more SNPs than exons

(Rafalski 2002) because this change will have

minimal effect on the expressed product. Although

all our EST products amplified only the coding

regions, transketolase and SHMT amplified introns as

well which was evidenced by amplification of larger

amplicon sizes than expected. In Table 2, the sizes

of the exon in parentheses which was expected and

the total amplicon of transketolase and SHMT are

mentioned. Interestingly, a higher frequency of SNPs

was found in exons than in introns of transketolase.

No indels were detected in introns of transketolase

and SHMT.

Rgr2 and Rgr4 are ends of BACs identified using a

STMS marker Ta96 which has been reported to be

linked to the Fusarium oxysporum f. sp. ciceris race 3

(Foc3) resistance gene (Sharma et al. 2004). Winter

et al. (2000) mapped many STMS markers on linkage

group II where Foc3, Foc4 and Foc5 were located

which indicated that microsatellites are abundant in

this genomic region. A high SNP frequency was

estimated at Foc3 resistance genomic region and it

could be due to ‘‘mutation active’’ nature of this part

of the genome.

Our estimated SNP frequency of 1 in 66 bp in

coding sequences excluding glucan-endo-1, 3-beta-

glucosidase and 1 in 71 bp in genomic regions in

chickpea is higher than estimates for wheat [1 in

1,000 bp (Bryan et al. 1999)], human [1 in 1,000 bp]

(Sachidanandam et al. 2001) and Arabidopsis [1 in

3.3 kb] (Jander et al. 2002). However, SNP fre-

quency in chickpea is comparable to sugar beet which

has 1 in every 126 bp (Schneider et al. 2001), rice

with 1 in 89 bp (average among five rice genotypes),

(Nasu et al. 2002), maize that has 1 SNP per 60–

120 bp (Ching et al. 2002), cassava with 1 in 62 bp

(Lopez et al. 2005), and pearl millet (one in every

59 bp in introns and less in exons) (Bertin et al.

2005).

Nucleotide diversity (P) in chickpea (0.028 in

coding and 0.014 in genomic regions) is similar to

maize which was estimated to be 0.016 (Ching et al.

2002). High SNP density in chickpea genome iden-

tifies the alternative resource for determining

polymorphism.

Mapping

We chose FLIP-84-92C and PI 599072 for SNP

discovery and genetic mapping because recombinant

inbred lines (RILs) developed from crossing these two

parental lines were previously used to generate linkage

maps (Santra et al. 2000; Tekeoglu et al. 2002; Rakshit

et al. 2003). For genetic mapping, we adopted sequen-

cing of an allele from genotypes to discover SNPs,

identified visually the sequence variation and detected

them by designing CAPS or dCAPS markers. Most of

these markers are co-dominant in nature and hence we

can differentiate homozygous and heterozygous con-

ditions. This method is inexpensive and requires

simple agarose gel electrophoresis, ethidium bromide

staining and visualization under UV similar to other

quality gels.

Mapping of SNPs by developing CAPS and

dCAPS markers increased marker density at QTL1

and narrowed the genetic distance from 11 cM to

0.7 cM. Marker-trait association using QGene soft-

ware program discovered one of the BAC ends

which had been converted into a CAPS marker
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(20(T)l12-Right) that accounted 56% of the varia-

tion in ascochyta blight resistance at LOD value

19.98, an improvement of the previously reported

(35% and LOD 13.40) (Table 3).

In conclusion, we discovered SNPs in coding and

genomic regions and detected those natural nucleo-

tide polymorphism to increase marker density within

an agronomically important genomic region. In

genome sequencing, the new strategies are focusing

more on sequencing gene rich regions rather than

sequencing the entire genome which has more than

70% repetitive sequences. Similarly, in constructing

linkage maps, mapping ESTs, BAC ends and other

locus specific markers spanning genomic regions

where important traits are present are given higher

priority than random markers. Our study discovered a

high frequency of SNPs in the chickpea genome that

can be used for mapping sequence based markers.

This discovery promises to impact mapping efforts by

the chickpea research community.
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